In this contribution High-Performance Computing electromagnetic methods are applied to the design of a patch antenna combined with EBG structure in order to obtain bandwidth enhancement. The electrical characteristics of the embedded structure (patch antenna surrounded by EBG unit cells) are evaluated by means of method of moment technique (MoM) whereas for designing the unit cell, the finite element method (FEM) together with the Bloch-Floquet theory is used. The manufactured prototypes are characterized in terms of return loss and radiation pattern in an anechoic chamber.
Introduction
Microstrip patch antennas, which are used for both defense and commercial applications, are replacing many conventional notprinted antennas. The most important properties of microstrip patch antennas are the lightweight, smallvolume and the mass production at low cost whereas intrinsic disadvantages that limit their applications are low gain, narrow bandwidth, and excitation of surface waves [1] . In order to design antennas with better efficiency and gain and lower backlobe and sidelobe levels, EBG structures can be used [2] [3] [4] [5] [6] [7] . In previous works [8] [9] [10] [11] [12] [13] [14] [15] [16] several narrow band antennas have been mounted on EBG structures. In this contribution, for obtaining bandwidth enhancement in the 2.48 GHz band, the band-gap of the EBG lattice is designed to be adjacent to the frequency band of the patch antenna, so that when integrating together both structures their resonances couple each other and as a result a wider bandwidth will be generated. The final design is uniplanar and in addition there is no need for via holes.
The aim of this work is challenging because two resonant structures are involved and when integrated together their resonant behavior is mutually influenced. For this reason the precision in the simulation results is a key point to achieve bandwidth enhancement. At this point is where highperformance computational electromagnetics play a fundamental roll in order to get a proper design in a reasonable time.
Microstrip Antenna
The antenna design has been carried out using Method of Moments (Momentum) electromagnetic simulator [17] and its geometry (Figure 1(a) ) was optimized varying the values in a continuous range in order to obtain the frequency band of interest (2.48 GHz) and the minimum bandwidth requested (the process is an iterative one in which there will be a tradeoff between the variation of antenna's geometry and its effects on the performance). Using parameter sweep with MoM in a 2 core Intel Xeon X5560 48 GB RAM (equivalent to 16 execution threads) server, there can be obtained the solution for 81 different values of the swept parameter in just one minute. This is due to a mesh definition so that 20 due to the fact that the commercial MoM software considers infinite extension for the dielectric substrate, or even more likely due to manufacturing tolerances.
EBG Characterization
The unit cell of an EBG lattice consists of metal pads and sometimes narrow lines that implement a distributed LC circuit having a resonant frequency [18] . In [19] the same unit cell but in different frequency band is characterized from the point of view of an AMC, computing the phase of the reflection coefficient on its surface, from an uniform incident plane wave. To search for the frequency band in which the periodic structure shows the AMC behavior, the finite element method (FEM) together with the Bloch-Floquet theory is used. A single cell of the lattice (with periodic boundary conditions (PBCs) on its four sides) is simulated to model an infinite structure. The unit cell dimensions are
The simulation is carried out using a server with 2 processors Intel Xeon E5620 and 64 GB RAM in a configuration equivalent to 2 execution threats and 32 GB RAM. The air-box size is λ/2 at the lower frequency considered in the simulation (which is 1 GHz). The solution frequency is 3 GHz and a frequency sweep is carried out from 1 GHz to 3 GHz with a 0.01 GHz frequency step. The mesh is established to take at least 10 tetrahedra per wavelength at the solution frequency (3 GHz). Mixed-order basis functions and 30% lambda refinement are used. Maximum Delta S is fixed to 0.02 for the S-parameter calculations. All this leads to a mesh with 3642 tetrahedra (2889 for the air-box and 753 for the substrate), a matrix size of 16101, and a computational time of 8 minutes and 44 seconds for the aforementioned frequency sweep. However, for the intended application, the structure should show EBG behavior. Even though the finite element method (FEM) uses specific boundary conditions such as simulating just half the volume under study (using Perfect Magnetic Conductor (PMC) boundary condition in one of the volume walls, the one that would cut the volume in two identical parts, the size of the electromagnetic problem that needs to be simulated is reduced), for the current scenario the method of moments (MoM) could yield a faster computational time (using MoM only the conductive structure is meshed whereas using FEM, the whole volume around the structure including the air box is meshed). The periodic structure can be characterized as EBG using the suspended strip method [20, 21] and so the transmission coefficient (S 21 ) of a suspended strip line over the periodic structure is simulated (Figure 2) . The structure will block the transmission of power along the strip line for frequencies within the band-gap region and a noticeable reduction of S 21 can be observed at a certain frequency band. To accomplish this simulation the mesh has been defined so that 20 cells per wavelength at 3 GHz are taken leading to 2085 rectangular cells and 5008 triangular cells with a matrix size of 9706. After applying mesh reduction results a matrix size of 2352. The simulation time for 25 frequency steps is 50 minutes in a 2-core Intel Xeon X5560 48 GB RAM (equivalent to 16 threads execution) server. The band-gap of the EBG structure (45 MHz) is adjacent to the bandwidth of the patch antenna (see Figure 3) ; thus when combining the two structures together, bandwidth enhancement is obtained without disturbing other characteristics of the patch antenna, such as the radiation pattern.
Patch Antenna with EBG Structure
Once the antenna and the EBG structures have been designed, the next step is the integration of both resonant structures together in the same layer forming a uniplanar design [22] . As it has been already mentioned in the introduction, the resonance frequency of both structures is mutually influenced, and so depending on the frequency difference between them, and how the unit-cell arrangement around the patch antenna is, the resulting resonance frequency will change. The design of the patch antenna surrounded by one row EBG lattice has been carried out (Figure 1(b) ). In FEM, due to the air-box size when small frequencies are involved (as in this case), the electric size of the problem to be solved is rather big. A proper mesh should take at least 10 (generally 20) tetrahedra per wavelength. Depending on the prototype's physical size, this could make the matrix of the linear equation system to become dense, which is not desirable in FEM and generally leads to longer computational times and increased memory requirements. However the matrix in MoM is dense, so this is not a problem, and thus this could be a better choice in general. The disadvantage of MoM is related to dielectric managements as they are considered infinite sized. Using MoM the mesh has been defined so that 20 cells per wavelength at 3 GHz are taken which leads to 2460 rectangular cells and 6246 triangular cells with a matrix size of 12365. After applying mesh reduction a matrix size of 5832 results. The simulation time for 81 frequency steps is 63 minutes in a 2-core Intel Xeon X5560 48 GB RAM (equivalent to 16 threads execution) server. A prototype of the Patch antenna-EBG has been manufactured using laser micromachining. The return losses of the manufactured prototype have been measured and compared to those of the microstrip patch antenna (Figure 4) . The principle of achieving bandwidth enhancement is based on coupling the resonances of the structures involved. As the patch antenna resonates at adjacent frequency band compared to the band-gap of the EBG lattice, a significant bandwidth enhancement of the prototype combining the two structures (Patch antenna-EBG) is obtained. As shown in Figure 4 the resulting bandwidth (34 MHz) of the Patch antenna-EBG is 50% wider than the microstrip patch antenna's bandwidth (23 MHz). Radiation pattern measurements of the prototypes have been carried out in anechoic chamber to complete their characterization. Radiation pattern cuts in the E and H planes of each manufactured prototype are plotted in Figure 5 . Using an EBG structure to surround the patch antenna, the directivity increases due to the surface wave suppression (Table 1 ). In the case of placing the patch antenna in a frequency range outside the band-gap of the EBG structure, MoM simulations show that the unit cells have no influence in the radiation properties or in the bandwidth.
Conclusions
Bandwidth enhancement of microstrip patch antenna by means of EBG structure for RFID SHF 2.48 GHz band has been presented. Using High-Performance computing electromagnetic methods the electrical characteristics of the resonant unit cell and the patch antenna have been evaluated both separated as well as combined in the same layer. The simulated and measured results are in good agreement due to precision of the methods (MoM and FEM) used in simulations. Both frequency domain techniques, MoM and FEM, can be used once the AMC is designed using FEM with PBCs. This is just an example of MoM and FEM techniques application to the design of antennas with metamaterials, but there are also other possible approaches, time domain based such as (Finite-difference time-domain) FDTD which could also be used. There was reported a 50% increase of the initial bandwidth. The patch antenna-EBG prototype presented in this paper has several advantages such as planar feature, compact size, and low dielectric losses. Neither via holes nor multilayer substrates are required, simplifying practical implementation and reducing its cost.
